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value in ATUs would reduce the required reheat coil energy to maintain precise air supply temperature at part load cooling scenarios. Nonetheless, this reduction could have some implications on thermal comfort and indoor air quality level of thermal zones in a multiplezone arrangement. It was concluded that in general it is an energy efficient control strategy to keep MAFF value to as low as 0.1 for high ventilation rate spaces like classrooms in school buildings (except for hot desert climate). On the other hand, it is advisable to not reduce MAFF value below 0.3 for low ventilation rate spaces like office areas to avoid any air quality issues in thermal zones.
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Introduction
There are many considerations to be taken into account in order to choose the right control strategies for operation of a HVAC system in buildings. Any efficient HVAC design requires an optimized and robust control system to operate effectively under different indoor/outdoor scenarios (Liu et al. 2014; Nassif, 2013; Saber et al. 2016) . The central all air design is the most common type of HVAC system in commercial high-rise buildings. In this design, several chillers and boilers provide chilled and hot water for air handling units (AHUs) and air terminal units (ATUs) located at different floors of building. Each AHU typically serves several thermal zones and provides a conditioned mix of outdoor and return air to terminal units of zones. AHUs and ATUs operate based on constant air volume (CAV) or variable air volume (VAV) strategies. In CAV design, the supply air volume remains constant while supply air temperature is modulated in response to the changing load of space. On the other 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 hand, supply air temperature remains constant in VAV design while air volume is modulated in air terminal units. CAV has lower investment cost and simpler control system, while VAV has higher initial cost and requires more sophisticated control strategies to bring in enough outdoor air at part load scenarios. In addition, VAV provides better dehumidification performance at part load operation and it is more suitable for spaces where load characteristics are not well defined or future expansion is predicted (Rengarajan and Colacino, 2004) .
ATUs are employed with a reheat coil in multiple-zone design scenarios to concurrently satisfy different cooling/heating loads of zones. In cooling mode, reheat coil provides sensible heating to supply air to maintain precise control of indoor condition without compromising air quality. In actual building operation, each zone has different cooling load and reducing the amount of outdoor air coming into the space could raise air quality concern in some thermal zones connected to the same air loop system. In heating mode, reheat coil provides a complementary heating to pre-heated air stream and its capacity could be modulated through valve control to satisfy changing heating demand of zones. The schematic diagram of a multiple-zone VAV design with reheat coils is shown in Fig. 1 
Research Methodology
Each thermal zone in the building represents a control volume in which temperature, humidity, carbon dioxide and other pollutants could be assumed to be uniform. The general heat and mass flows through boundaries inward and outward thermal zone as a control volume are illustrated in Fig. 2 . Heat transfer and mass transfer could happen through walls, windows, gaps, air supply diffusers and return grills. There could be radiative, convective/conductive heat gain and heat loss as well as infiltration and exfiltration through doors or windows gaps.
Occupants, lighting and equipment inside thermal zone would act as the sources of heat and pollutants which also need to be taken into account. The geometry of a five-storey commercial building has been modelled in 3D modelling program of SketchUp. The 3D geometry and floor plan of the simulated building are shown in In heating mode, damper position remains at MAFF point while reheat valve gradually opens until supply air temperature gets to a maximum set point. A maximum air flow fraction in heating mode is also set in dual maximum control logic of ATU to provide higher level of heating capacity by increasing air flow rate in heating mode (Taylor et al. 2012) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Three building applications of office building, retail establishment and educational facilities (classroom) have been considered in this study. The specific load characteristics and ventilation requirements of these buildings are listed in Table 1 . These numbers were adopted from USA Department of Energy commercial prototype building models (DOE, 2016) which represent typical buildings designs in the United States based on ASHRAE standard Table 2 . These values were also adopted from USA Department of Energy commercial prototype building models (DOE, 2016) . Colder climate requires higher thermal resistance (R) or lower thermal transmittance (U) in roof insulation, exterior wall insulation and window glazing materials. Solar heat gain coefficient (SHGC) of the selected window for humid continental climate of Chicago is higher than other climates to bring more solar heat into the space for this relatively cold climate. It is noteworthy that in all of the conducted simulations, cooling/heating set point temperatures were set to 24/21 ˚C from 6 AM to 9 PM and 29.4/15.6 ˚C for the rest of the hours in weekdays. Infiltration rate per exterior surface of 0.57 L/s.m 2 was assumed in these building energy simulations and the infiltration level was reduced to a quarter when HVAC system was operating. 
Results
The impact of MAFF value in ATUs was investigated on several performance metrics of the building in different applications and climates. These metrics cover various aspects of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 However, the reduction level is less than 6% for the continental climate of Chicago. The reheat coil design load for the Chicago climate is three times more than other climates because of higher heating degree days in this climate.
The comfort analysis of the simulations showed that the number of hours when PMV value was not in the acceptable range increases for lower values of MAFF. This increase ranges between 10 to 21% for the tropical climate of Miami, while for the dry climate of Phoenix, the level of increase could be up to 106%. On the other hand, the number of uncomfortable hours with reduced MAFF on annual basis seems to be decreasing or remaining unchanged for the temperate climate of San Francisco and continental climate of Chicago. The number of hours when PMV was not acceptable for the tropical monsoon climate of Miami was found to be in the range of 1000 hours, while in other climate this value was in the range of 500 hours. The specific cooling load profile in the tropics which constitutes a significant portion of latent load could be the reason behind this higher level of uncomfortable hours.
The indoor air quality level of thermal zones was found to be more dependent on application type of buildings. The number of hours when CO2 exceeds the limit is considerably higher for school buildings compared to office and retail application because of be up to 142% and 47% respectively for office and retail applications. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 Fig. 7 here
The OAFF value of the air loop system in building varies depending on the time of the day and the month of the year. The flood plots of OAFF over simulation time for school, office and retail applications in the tropical monsoon climate of Miami are shown in Fig. 8 . It can be seen that there is a slight increase in OAFF of AHU systems in buildings during heating season (November to March). The higher OAFF value in heating mode of system could be justified considering the fact that heating demand of thermal zones could be satisfied at minimum supply air flow rate while modulating hot water flow rate in reheat coil. This could require higher OAFF value to bring necessary amount of outdoor air into the thermal zones.
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It could be said that lowering MAFF value is more likely to cause IAQ issues for spaces with low ventilation rate like in office buildings. The analysis of outdoor air flow fraction (OAFF) in different air loops of the simulated building revealed that OAFF varies significantly depending on application types. Ventilation controller would increase OAFF value in different scenarios to bring enough outdoor air into thermal zones for reduced MAFF values of ATUs.
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